Summary -During a survey of nematode associates of ambrosia beetles from dead and dying red bay and avocado trees affected by the laurel wilt epidemic in southern Florida, a Ruehmaphelenchus species was isolated from the non-native ambrosia beetle, Xylosandrus crassiusculus. The new species is characterised by its possession of an oral disc at the stoma opening, three lines in the lateral field, male spicule with clear dorsal and ventral limbs connected by elongated triangular cuticle, thin membrane-like tissue and cuticular bridge-like structure, conical tail with pointed tip of males and conical tail with digitate mucro of females. The new species is very similar to four previously described species: R. asiaticus, R. digitulus, R. thailandae and R. sirisus, and can be distinguished only by some minor morphological differences in male tail characters, i.e., spicule morphology, position of genital papillae and tail tip shape, and morphometric values. However, the new species is phylogenetically unique, i.e., it is the basal taxon of the Ruehmaphelenchus clade and close to Bursaphelenchus spp. Ruehmaphelenchus juliae n. sp. is therefore proposed based on its morphological diagnostic characters and molecular sequences of near-full-length of SSU, internal transcribed spacer region, D1, D2 and D3 expansion segments of LSU ribosomal RNA and partial mitochondrial COI genes.
Previous surveys of ambrosia beetles from dead and dying red bay Persea borbonia (L.) and avocado P. americana (Miller) trees affected by the laurel wilt disease in southern Florida, USA (Carrillo et al., 2012) suggested that nematodes associated with introduced and invasive ambrosia beetle species, e.g., Xyleborus glabratus Eichhoff, might be a source of arriving nematodes that could be passed among populations of native ambrosia beetle species (Giblin- Davis et al., 2013; Kanzaki et al., 2014) . Alternatively, nematodes that had long been associated with native species of ambrosia beetles could be moving onto arriving species of ambrosia beetles and creating the opportunity for new interactions. We have continued surveying introduced and native ambrosia beetles for their nematode associates and discovered an undescribed Ruehmaphelenchus species from the introduced granulate bilovich, 1947 clade by phylogenetic analyses based on sequences of internal transcribed spacer (ITS) regions of the rRNA genes (Braasch et al., 2006; Gu & Wang, 2010 , 2012 . Additional work is needed to resolve the classification status of the genus.
In the present study, the newly discovered nematode is described and figured as R. juliae n. sp., and its molecular phylogenetic status is determined based upon near-fulllength of SSU, internal transcribed spacer region (ITS1 and 2), D1, D2 and D3 expansion segments of LSU ribosomal RNA and partial mitochondrial COI genes.
Materials and methods

NEMATODE ISOLATION AND MORPHOLOGICAL
OBSERVATION
Dead branches from ambrosia beetle-infested red bay or avocado 'Simmonds' trees affected by the laurel wilt pathogen (Raffaelea lauricola Harrington, Fraedrich & Aghayeva) from natural areas in and around Homestead, FL, USA, were placed for several weeks in vented rearing containers in the laboratory to allow for the emergence of adults for subsequent beetle dissections and nematode rearing attempts during 2014. Beetles were identified, rinsed externally and dissected alive onto 1.5% water agar media in groups of 5-10. The resulting plates were incubated at room temperature (ca 20-25°C) for 2-3 weeks. Nematodes that successfully propagated on the plates were transferred to a LGPDA (19.5 g potato dextrose agar, 30.8 g glycerin, 500 ml dH 2 O with 1 ml of 25% lactic acid aseptically added as the agar cooled) that had been previously inoculated with Monilinia fructicola (Winter) Honey, and kept as a laboratory strain with a culture code CBAY2. Morphological observations including drawings, micrographs and morphometrics were made with a microscope using living material that was obtained from 1-week-old cultures. To examine the morphometric range of the species, adult nematodes from 2-weekold cultures on 2.0% malt extract agar (MEA: malt extract: 20 g; agar: 20 g and brought to 1 l with distilled water) previously inoculated with Botryotinia fuckeliana (de Bary) (= Botrytis cinerea Pers.) were also examined. The type materials were obtained from 2-week-old culture on MEA-B. fuckeliana, heat-killed and fixed in TAF (triethanolamine:formalin:distilled water = 2:7:91), processed with a glycerin-ethanol series using Seinhorst's method, and mounted in glycerin according to the methods of Maeseneer and d'Herde (described in Hooper, 1986 ).
MOLECULAR CHARACTERISATION AND PHYLOGENY
A DNA sample from R. juliae n. sp. was collected and prepared as described by Kikuchi et al. (2009) and Tanaka et al. (2012) . About 3.6 kb of DNA base sequences of partial ribosomal DNA including near-full-length of 18S, internal transcribed spacers 1 and 2, 5.8S and D1 through D3 expansion segments of 28S (near-full SSU, ITS and D1-D2-D3 LSU) and ca 0.7 kb of partial sequence of mitochondrial cytochrome oxidase subunit I (mtCOI) were determined for R. juliae n. sp. following Kanzaki & Futai (2002) and Ye et al. (2007) .
Determined sequences were compared to sequences from other Ruehmaphelenchus and Bursaphelenchus species that had been deposited in the GenBank database with accession numbers LC031813 (ribosomal RNA genes) and LC031814 (mtCOI). The species that were included in these analyses were selected, and the outgroup species were determined as Aphelenchoides stammeri (Körner, 1954) and B. abruptus Giblin-Davis, MundoOcampo, Baldwin, Norden & Batra, 1993 according to the phylogenetic analyses conducted by Kanzaki et al. (2014 Kanzaki et al. ( , 2015 . The GenBank accession numbers of compared sequences are provided in Table 1 , and the unaligned sequences are provided separately (SSU and D2-D3) as FASTA files (Supplementary Texts 1, 2 in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/content/journals/ 15685411).
The molecular phylogenetic status of the new species was determined by Bayesian analysis based on near-full SSU and D2-D3 LSU. First, sequences from different species were aligned using the MAFFT program (Katoh et al., 2002;  web version available at: http://align.bmr. kyushu-u.ac.jp/mafft/software/) and the base-substitution models for each gene were determined using MOD-ELTEST version 3.7 (Posada & Crandall, 1998) under Akaike information criterion (AIC). For both genes, the model was selected as GTR + I + G, which has the smallest AIC value among 56 models compared. Bayesian analyses were performed to confirm the tree topology based on combined sequence (= SSU + D2-D3) using MrBayes 3.2 (Huelsenbeck & Ronquist, 2001) ; four chains were run for 4 × 10 6 generations, and Markov chains were sampled at intervals of 100 generations (Larget & Simon, 1999) . Two independent runs were performed and, after confirming convergence of runs and discarding the first 2 × 10 6 generations as 'burn-in', remaining topologies were used to generate a 50% majority-rule consensus tree. Kanzaki et al. (2011) . 
Results
Ruehmaphelenchus juliae
DESCRIPTION
Adults
Mid-to large-sized species: 737-1034 μm and 866-1291 μm in length for males and females, respectively. Body cylindrical, ventrally arcuate when killed by gentle heat. Male tail strongly recurved ventrally. Cuticle thin, finely annulated with a lateral field possessing three incisures. Lip region distinctly offset from body, separated from body by a weak constriction and with six equal- sized lip sectors forming hexagonal shape in en face view, squarish-rounded, and ca 3-4 times as broad as tall in lateral view. An oral (labial) disc observed at anterior end of lip region and ca one-third of lip in diam. Stylet separated into two parts: a short conus occupying ca onethird to two-fifths of total stylet length, and a shaft with a clear basal swelling, but not forming clear basal knobs. Procorpus cylindrical, ca 2.5-3.0 stylet lengths long, connected to a well developed muscular metacorpus (median bulb). Dorsal pharyngeal gland orifice opening into lumen of metacorpus midway between anterior end of metacorpal valve and anterior end of metacorpus. Pharyngointestinal junction immediately posterior to metacorpus. Dorsal pharyngeal gland ca 2.5-3.0 metacorpal lengths long, overlapping intestine dorsally. Nerve ring surrounding pharyngeal glands and intestine, situated immediately posterior to pharyngo-intestinal junction. Excretory pore located ca 1.5-2.0 stylet lengths posterior to metacorpus. Hemizonid located ca 1.5-2.0 stylet lengths posterior to excretory pore.
Male
Gonad outstretched or with reflexed anterior part in some individuals. Vas deferens composed of large flattened cells, separated from other parts of gonad. Posterior end of testis and intestine fusing to form a narrow tube at level of spicule. Sperm amoeboid; spermatocytes arranged in multiple (2-5) rows in anterior two-thirds of testis and well developed sperm tightly packed in remainder. Tail region clearly arcuate ventrally. Spicules paired, separate, possessing clear dorsal and ventral limbs that are almost parallel to each other at middle of spicule. Dorsal limb ca 1.8 times as long as ventral limb, both weakly ventrally arcuate and smoothly narrowing to bluntly pointed distal end. Anterior end of dorsal limb forming rounded condylus. Rostrum absent, i.e., anterior end of ventral limb rounded, not forming a clear rostrum. Dorsal and ventral limbs connected by three different tissues: a blade-like cuticle; a thin, triangular, membrane-like structure; and limb-like cuticularised tissue. First tissue type (= membrane-like lamina) connecting whole parts of dorsal and ventral limbs with its distal end forming a rounded tip to spicule, second type connected along entire length of ventral limb and anterior part of dorsal limb, narrowing anteriorly to form an elongated triangle, third part connected to distal end of ventral limb and at a point two-thirds from anterior end of dorsal limb. Small notchlike separation (cleavage) present at distal tip. Cucullus and gubernaculum absent. Tail short, conical in lateral view, broad in ventral view, possessing pointed tip. Seven papilla-like (i.e., not glandular) genital papillae (a single ventral papilla and three subventral pairs) present: single ventral papilla (P1) ca one cloacal body diam. (CBD) anterior to cloacal opening (CO); first subventral pair (P2) slightly anterior to CO, which is dome-shaped slit in ventral view; second subventral pair (P3) one CBD posterior to CO; third subventral pair (P4) one-third CBD posterior to P3, slightly more ventrally located compared with P3. P1 slightly smaller than P2-P4; P2-P4 more or less same in size.
Female
Reproductive tract including an ovary, oviduct, spermatheca, crustaformeria, uterus, vagina + vulva, and postuterine sac. Ovary single, anteriorly outstretched, anterior end reflexed in some individuals. Oocytes present in multiple (2-5) rows in anterior half of ovary and well developed oocytes arranged in a single row in remainder. Oviduct tube-like, horizontal wrinkle-like pattern sometimes appearing on its surface, constructed of oval-shaped cells, connecting ovary and crustaformeria, sometimes oc- cupied by well developed oocyte. Spermatheca (receptaculum seminis) present between oviduct and crustaformeria, slightly irregular oval shape, sometimes filled with well developed sperm. Crustaformeria not conspicuous, formed by relatively large, rounded cells. Uterus short with thick wall, sometimes with an early-stage egg which has many verrucae-like small expansions on its surface. Vagina perpendicular to body surface or slightly inclined anteriorly and uterine wall nearest to vagina (uterus/postuterine sac junction) thickened. Vulva a simple slit in ventral view, lacking any vulval flap apparatus in lateral and ventral views. Post-uterine sac well developed, ca 2.5 vulval body diam. long, occupying ca half of vulva-anus distance, sometimes filled with sperm. Rectum present, ca one anal body diam. (ABD) long; intestine-rectum junction constricted by sphincter muscle. Anus a small domeshaped slit in ventral view. Tail ca three ABD long, conical, smoothly tapering to a pointed or unclearly mucronate tip, i.e., conical or digitate mucro sometimes present.
TYPE HOST, CARRIER INSECT AND LOCALITY
Ruehmaphelenchus juliae n. sp. (culture code CBAY2) was isolated from the bodies of Xylosandrus crassiusculus that emerged from caged dead branches from a red bay tree from a levy south of Tamiami trail, FL, USA (GPS code: 25°44 10.9 N, 80°29 51.3 W) on 13 March 2014.
TYPE MATERIAL
Type materials were obtained from 2-week-old cultures. Holotype male, nine paratype males and ten paratype females deposited in the United States Department of Agriculture Nematode Collection (USDANC), Beltsville, Maryland, USA, with collection ID numbers T687t (holotype male), T-6519p-T6527p (paratype males) and T-6528p-T6537p (paratype females); five paratype males and five paratype females deposited in the Forest Pathology Laboratory collection, Forestry and Forest Products Research Institute (FFPRI), Tsukuba, Japan, with collection ID numbers Ruehmaphelenchus juliae PM01-05 (paratype males) and PF01-05 (paratype females). In addition to the type materials, mass-fixed materials fixed in TAF and those processed into dehydrated glycerin were deposited at Fort Lauderdale Research and Education Center, University of Florida/IFAS, Fort Lauderdale, FL, USA (FLREC) and FFPRI.
DIAGNOSIS AND RELATIONSHIPS
Ruehmaphelenchus juliae n. sp. is characterised by the presence of an oral disc, lateral field with three lines, spicule morphology (clear dorsal and ventral limbs connected by the three different structures described above), male tail conical with pointed tip and female tail conical with digitate mucro. In addition to the adult morphological characters, presence of verrucae-like expansions on the surface of early-stage eggs has not been reported in any of the other known species in the genus. Currently, Ruehmaphelenchus contains seven species: R. martini (Rühm, 1955) Goodey, 1963 ; R. ipidicola (Rühm, 1956 Kanzaki, Masuya, Taki, Okabe & Chen, 2013 . In addition to these seven species, an undescribed species, Ruehmaphelenchus sp. NK202, which is molecularly separable from several nominal species, has been reported .
Ruehmaphelenchus juliae n. sp. is morphologically similar to R. asiaticus, R. digitulus and R. thailandae, each sharing three lines in the lateral field, the conspicuous ventral and dorsal limbs of the male spicule, short and conical female tail with pointed or unclearly mucronated tip, and the absence of a flap apparatus at the vulva. The new species may also be typologically similar to R. sirisus, i.e., although the number of lateral lines is not described, the other characters overlap between these two species.
Based upon the original descriptions, R. juliae n. sp. is distinguished from R. asiaticus by spicule morphology, i.e., new species has triangular membrane-like structures on both sides (shown in Figs 2L; 4E) , which has not been described for R. asiaticus, and male tail tip morphology, i.e., distal cone-shaped part of new species is clearly longer than that of R. asiaticus (Braasch et al., 2006) ; from R. thailandae by its spicule morphology presence vs absence of the triangular membrane-like structures, female tail morphology, absence vs presence of long mucron, and the arrangement of the male genital papillae (ratio between P2-P3/P3-P4 is ca 3-6 vs >10; calculated from drawings and photographs or morphometric tables provided in Gu & Wang, 2010) ; from R. digitulus by its spicule morphology presence vs absence of the triangular membrane-like structures, and male tail tip morphology, i.e., distal cone-shaped part of new species is clearly longer than that of R. digitulus (Gu & Wang, 2012) ; and from R. sirisus by its spicule morphology presence vs absence of the triangular membrane-like structures (Bajaj, 2012) . 1) 5.1 6.2 ± 1.5 7.2 ± 1.4 5.4 ± 1.3 7.8 ± 2.2 (4.2-9.3) (4.2-9.3) (2.9-7.1) (5.7-14.3) Excretory pore from anterior end 97 96 ± 6.4 100 ± 2.4 102 ± 11.1 106 ± 10.1 (80-103) (85-113) (86-123) (86-119) Excretory pore from median bulb 1) 26 24 ± 6.3 26 ± 7.9 28 ± 11.2 30 ± 9.3 (8. Morphometric data were also used to distinguish R. juliae n. sp. from R. asiaticus, R. thailandae, R. digitulus and R. sirisus. The new species is distinguished from R. asiaticus by female b = 11.9-16.5 vs 9.0-11.9 (Braasch et al., 2006) ; from R. thailandae by female body length = 866-1291 vs 504-620 μm, female b = 11.9-16.5 vs 8.4-9.8, V = 81.5-84.6 vs 78.9-80.5, female body diam. = 28-57 vs 19.2-22.6 μm, male and female stylet length = 15.4-18.6 vs 12.4-14.4 μm, male and female median bulb length = 18.6-28.4 vs 15.0-17.0 μm, male and female median bulb diam. = 13.9-18.0 vs 6.9-8.2 μm, male and female excretory pore position = 80-123 vs 60-75 μm from anterior end, male spicule length = 19.1-23.7 μm (chord) and 14.4-21.1 μm (arc) vs 12.0-13.3 μm (chord) and 9.9-10.3 μm (arc), female post-uterine sac length = 63-102 vs 51.7-56.6 μm, female anal body diam. = 11.9-21.7 vs 8.8-9.6 μm, and female tail length = 36-50 vs <33 μm (Gu & Wang, 2010) ; from R. digitulus by male c = 29.8-41.1 vs 39.4-54.4 and male c = 1.4-2.1 vs 1.1-1.5, although they are slightly overlapping (Gu & Wang, 2012) ; and from R. sirisus by male c = 1.4-2.1 vs 1.1-1.3, stylet length of males and females = 13.9-18.6 vs 11-13 μm, female body length = 866-1291 vs 460-632 μm, female b = 11.9-16.5 vs 8.2-10.3, median bulb in females = 17.0-24.3 vs 9-15 μm in diam., and 18.6-28.4 vs 13-20 μm in length, female excretory pore position = 85-119 vs 60-71 μm from anterior end, and post-uterine sac length = 63-102 vs 43-55 μm (Bajaj, 2012) .
MOLECULAR PROFILES AND PHYLOGENETIC STATUS OF NEW SPECIES
Based on molecular phylogenetic analyses inferred from near-full-length SSU and D2-D3 LSU sequences, the new species formed a well supported clade with the other Ruehmaphelenchus species, including Ruehmaphelenchus sp. NK202, which was isolated from Xyleborus ganshoensis Murayama from Okinawa, Japan , and was the basal species of the clade (Fig. 6) . The near-full-length SSU and/or D2-D3 LSU sequences are available for R. asiaticus, R. digitulus, R. formosanus, Ruehmaphelenchus sp. NK202 and R. juliae n. sp. with all five species being clearly distinguishable with unusually large levels of interspecific sequence divergence. Further, the ITS (ITS1, ITS2 and 5.8S ribosomal RNA) sequence of R. thailandae is available in GenBank (acces-sion number GQ911597) and is clearly different from the ITS regions of R. juliae n. sp. (supporting data not shown).
Discussion
BIONOMICS OF Ruehmaphelenchus juliae N. SP.
The carrier insect of R. juliae n. sp. is a small (females are ca 2 mm long and males ca 1.5 mm) beetle, X. crassiusculus, which was probably originally native to tropical and subtropical Asia long before being widely introduced around the world and then into South Carolina, USA, in the 1970s (Atkinson et al., 2012) . It is considered a serious pest of a wide range of agricultural and horticultural trees (Frank & Sadof, 2011) . Its ambrosial fungus is considered to be a species of Ambrosiella, which are generally not considered to be pathogenic (Dute et al., 2002) . However, there is the possibility of transmission of wiltinducing fungi by this and other ambrosia beetles (Davis & Dute, 1997; Carrillo et al., 2014) .
Currently, some of the nominal Ruehmaphelenchus spp. have been described from packaging wood or the bark of dead trees (Braasch et al., 2006; Gu & Wang, 2010 , 2012 Bajaj, 2012) , and their natural bionomics are unknown. However, the other species are known to be associated with ambrosia or bark beetles: R. martini was found under the elytra of Anisandrus dispar Ferr. as dauer juveniles (Rühm, 1955) ; R. ipidicola is associated with Dryocoetes spp. which are associated with relatively old dead trees (Rühm, 1956) ; R. formosanus is associated with Euwallacea fornicatus (Eichhoff); Ruehmaphelenchus sp. NK202 was isolated from X. ganshoensis ; and another undescribed Ruehmaphelenchus species is associated with Platypus quercivorus (Murayama) . Considering the insect association of these latter-mentioned Ruehmaphelenchus species, the genus appears to be mostly associated and radiating with certain lineages of ambrosia beetles and bark beetles.
ADDITIONAL REMARKS ON MORPHOLOGICAL
CHARACTERS
In the present study, several characteristic morphological traits were found in the new species. First, a clear oral disc was confirmed at the anterior end of the lip region. A similar character has been described, drawn and/or photographed for R. asiaticus, R. thailandae, R. digitulus and R. sirisus (Braasch et al., 2006; Gu & Wang, 2010 , 2012 Bajaj, 2012) , and was confirmed in R. formosanus (Kanzaki, unpubl.) . Considering the phylogenetic relationships among Ruehmaphelenchus spp., the character has been confirmed from the most basal species through to the most derived species. Thus, although the structure has not been described for R. martini and R. ipidicola (Rühm, 1955 (Rühm, , 1956 ), this could likely be a common morphological character in the genus. Second, characteristic verrucae-like formations on the egg shell, which have not been described for the other Ruehmaphelenchus species (Rühm, 1955 (Rühm, , 1956 Braasch et al., 2006; Gu & Wang, 2010 , 2012 Bajaj, 2012; Kanzaki et al., 2013) , were observed in R. juliae n. sp. Comparing the developmental stages of the eggs, the structure seems to be found only on the early-to middle-stage eggs, developed eggs, which contain the juvenile, sometimes lacking these expansions. Egg surface structure is not usually used for taxonomic characterisation of nematodes, and the character is not usually examined, especially in descriptions based on materials collected from the field. Therefore, we do not know whether this character is specific to R. juliae n. sp. or is a common character of the clade. More cultured materials and detailed developmental studies will reveal the relevance of this character for taxonomic studies.
By contrast, spike-like projections on the lateral region of the spicule, which were found in R. formosanus and Ruehmaphelenchus sp. NK202 and hypothesised to be nerve endings , were not found in R. juliae n. sp. Comparing the phylogenetic relationships among these species, i.e., R. juliae n. sp. is basal to the genus, and the other two are more derived, the character may have developed only in a certain group (lineage) of the genus.
Based on the morphological characters including morphometric values, R. juliae n. sp., R. asiaticus and R. digitulus are very similar to each other, i.e., molecular profiles are almost the only characters that distinguish these species (Braasch et al., 2006; Gu & Wang, 2012) . However, despite their morphological similarity, they are clearly phylogenetically different with significantly long branches (branches were so long that they would not fit Fig. 6 without shortening) . It could be interesting to compare Bursaphelenchus spp., R. juliae n. sp. and more derived Ruehmaphelenchus at the genome or transcriptome level. Rühm (1955 Rühm ( , 1956 reported that dauer juveniles of R. martini and R. ipidicola are found from under the elytra and body segments of their carrier beetles. However, the insect-associated stage of the nematodes and the nematode-harbouring organ of the other interactions have not been clarified so far as the nematodes were isolated from the dissected insect body kept on media plates (e.g., Kanzaki et al., 2013) . In the present study, similar to the case of R. formosanus, the dauer juvenile of R. juliae n. sp. was not recognised during the dissection, probably because the number of associated nematodes was low. Additional survey work and careful beetle dissections are necessary to elucidate the insect association of the new species.
Xylosandrus crassiusculus is a member of the Xyloborini, a tribe that uses haplodiploidy and inbreeding as the sex determination and mating system (Kirkendall, 1983) . Haploid males live in the galleries and mate with their siblings. Pre-dispersal mating within the family of origin and monogynous initiation of galleries allow single females to establish successful populations in nonnative locations and leads to founder effects and genetic bottlenecking. Members of the Xyloborini practise fungal agriculture, but unlike analogous attine ants and certain fungal-feeding termites that provision their nests with wood and maintain fungal gardens, they simply build their galleries into the cellulose substrate (Biedermann, 2007) . Larval and adult beetle grazing in the galleries may encourage longer maintenance of the 'crop' fungi without detrimental successional changes to other non-nutritive or toxic fungi (Biedermann, 2007) . These life history details have led to an apparently rapid speciation rate amongst the Xyloborini and could have important ramifications for nematodes associates of such beetles. For example, do the long branches between Ruehmaphelenchus species sequenced thus far represent rapid speciation events? If so, then what is different between ambrosia beetle-associated Ruehmaphelenchus and the 'Bursaphelenchus kiyoharai' clade of ambrosia-associated mycophagous nematodes? Do these ambrosia beetle-associated nematodes confer any population benefits or costs to the beetle hosts? Is it possible that nematode feeding and defecation could help with recycling and maintenance of 'crop' fungi under certain conditions?
